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The gapC genes, encoding the cell surface-associated GapC proteins of S. uberis and S. agalactia*, have been cloned and sequenced, 
lb identify potential vaccine eandidales against 5. uberis-induved bovine mastitis, lauaiing dairy cow* were vaccinated with either 
(6 x ffisX3apC of S. uberis or S. dysgalactiae, or with a chimeric CAMP-faclor antigen, CAMP-3. For 7 days following heterologous 
challenge with S. uberis, milk somatic cell counts were determined to assess differences in the severity of mastitis between vaccinates and 
an unvacciruued control group. Vaccination with S. uberis (6 x His)GapC or CAMP-3 resulted in a significaDt reduction in inflammation 
on several days post-challenge, most significantly for the former antigen. Inflammation was not reduced in S. dyxgalactiae (6 x HisXiapC 
vaccinates, suggesting that it docs not confer cross- species protection. © 2002 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

Bovine mastitis, on inflammation of the mammary gland, 
is the single most important factor contributing to eco- 
nomic losses to the dairy industry [1]. Several streptococ- 
cal species arc capable of causing infections that result 
in mastitis, including Streptococcus uteris. S. agatactiae 
and S. dysgalactiae. Among these species. 6*. uberis is 
particularly problematic due to the fact that this so-called 
'environmental streptococcus* is ubiquitous in the dairy 
environment [7-41 and is predominantly associated with 
sub-clinical mastitis cases, resulting m reduced, and poor 
quality milk yields. The development of vaccines against 
mastitis-causing pathogens has been slow, partly due to 
the prerequisite that infection must be controlled without 
induction of a significant inflammatory response, since 
this in itself contributes to the disease condition [5]. Cur- 
rently, prophylactic practices including antibiotic therapy 
and teat disinfection are relied upon to minimise the 
spread of infection. However, these measures are often 
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inadequate, simply because animals arc constantly being 
re-exposed to infection from their surrounding environment. 
Therefore, there is a clear requirement for an effective 
vaccine to augment conventional methods of preventing 
infection. 

The factors contributing to the pathogenesis of S. uberis 
disease are not well understood, although several potential 
virulence determinants have been described. Resistance to 
phagocytosis is conferred by a hyaluronic acid capsule [6], 
and the organism has also been shown to adhere to and ac- 
tively invade bovine epithelial cells via a receptor-mediated 
eridocytosis mechanism, where it is able to persist without 
harming host cells f7|. S. uberis also produces hyaluronidase 
18J, and a plasminogen activating protein, PauA 19,10J, 
which may aid in the dissemination of the bacterium into 
tissues surrotmding the site of infection. Other potential vir- 
ulence determinants include neutrophil toxin [7 J, Jaetofcrrin 
binding proteins [1 1], and CAMP-factor [12,13]. Although 
a specific role for CAMP has yet to be oVxcxrnincd, it causes 
the lysis of erythrocytes pre -treated with staphylococcal 
p-toxin, and due to irnrminoglobulin Fc -binding properties 
[14], an involvement in resistance to phagocytosis has also 
been suggested. The CAMP protein of S. uberis displays 
more than 60% homology with that of S. agalaciiae, and 
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CAMP-specific antiserum are crass-reactive between ihe 
two species. 

The plasma receptor (Plr) protein 115J. or surface dehy- 
drogenase (SDH) protein [16], a phosphorylating glyceral- 
dchydc-3-phosphatc dehydrogenase, has been implicated as 
a potential S. pyogenes virulence factor, which, in addi- 
tion to plasma binding, also displays ADP-ribosylating ac- 
tivity [17]. This attribute potentially affects host cell gene 
transcription, enhancing disease pathogenesis [17], Previous 
work in our laboratory, to be published elsewhere, revealed 
that GapC of S. dysgalactiae, a cdl surface-associated Plr 
homologuc, conferred significant pnrtcction against .9. dys- 
galactiae infection in dry cows when used as a vaccine. 
Therefore, the potential for using GapC as a vaccine antigen 
against mastitis caused by other streptococci is apparent. 

Reports of vaccination of dairy cows against 4V. uberis 
infection arc limited. Subcutaneous vaccination with live 
S. uteris, and a soluble surface extract derived from the 
same bacteria, conferred some protection against experimen- 
tal challenge r 181, However, although vaccination with live 
cells did result in protection against infection, this protec- 
tion was less effective against heterologous strains T191. Re- 
peated vaccination with killed S. uberis cells also resulted 
in some degree of protection against subsequent challenge 
with the same strain r201 ? although vaccination did not re- 
duce inflammation of the mammary gland. The most signif- 
icant results to date derived from sub-cutaneous vaccination 
with a concentrated S. uberis culture supernatant, containing 
PauA, which resulted in between 37.5 and 62.5% protection 
from clinical disease following challenge with a heterolo- 
gous strain [211. 

To develop common vaccines against mastitis-causing 
streptococci, we have cloned and sequenced the gapC genes 
of 5. uberis and 5. agalaciiae. Furtlierraore, a chimeric 
CAMP (CAMP-3) protein, comprising epitopes from the 
S, uberis and S. agalactiae CAMP-factors. has been con- 
structed, to create a cross-reactive vaccine antigen which 
is more immunogenic than either CAMP -factor alone. Pro- 
tection of lactating cattle against heterologous S. uberis 
challenge has heen assessed folk wing vaccination with 
CAMP-3, or the (6 x His)GapC protein of either S. uberis 
or S. dysgalactiae. 



2. Materials and methods 

2.1. Media and culture conditions 

Escherichia coli strains were routinely cultured at 37 n C 
in Luria Bertani medium (LB; Difco), containing ampi- 
cillin (HX)u.g/ml) or carbenictllin (50figtoil). Streptococ- 
cal strains were cultured at 37 °C (5% CO2) in Todd-Hcwitt 
broth (Difco), supplemented with 0.5% (w/v) yeast extract 
(THBYE), or on Tryptic Soy Agar (TSA) plates contain- 
ing 5% (v/v) sheep blood (PML microbiological s> Missis- 
sauga, Ontario. Canada). Bacteriological analysis of milk 



samples was performed at the Animal Health Centre (Ab- 
botsfom - . British Columbia). Aliquots of 100 m-1 were spread 
onto TSA-blood plates, and incubated as above for up to 
48h, 

2.2. Molecular biological techniques 

Restriction cndonuclcascs and other modifying enzymes 
were supplied by Amersharn Pharmacia and used accord- 
ing to the manufacturer's instructions. DNA fragments were 
purified using the GeneClean Spin Kit (BIO 101). Plas- 
mid mintprcps were performed with the QlAquick Spin 
Mini prep Kit (QIAGEN), and genomic DNA was extracted 
from streptococci using the NucleoSpm Tissue Kit (Clon- 
lech). PCR amplified DNA was cloned into pPCR-Script us- 
ing the pPCR-Script Cloning Kit (Stratagene). PCR and se- 
quencing primers arc described in Table 1, Automated DNA 
sequencing was carried out at the CNRC sequencing facility 
(Plant Biotechnology Institute. University of Saskatchewan, 
Saskatchewan, Canada). 

2. J. Cloning of streptococcal gapC genes 

Design of the PCR primers gapCi^del) and gapC(BamHl) 
for amplification of the gapC genes of S. uberis (ATCC 
9927) and 5. agalaciiae (ATCC 27541) was facilitated 
by virtue of the high sequence similarity displayed at the 
5'- and 3' -ends of the gapC genes of S. dysgalactiae and 
5. equvtimilis, and the plr gene of S. pyogenes. PCR was 
carried out from genomic DNA of each strain, and the re- 
sulting ca. 1.0 kb fragments were cloned into pPCR-Script 
and used to transform E. coli XLIO-Gold (Stratagene). 
Subsequently, the desired recombinant plasmids were iden- 
tified and designated pMFSOla and pMFSOlc, containing 
the PCR fragments from S. uberis and 8. agalactiac respec- 
tively. Sequence analysis of both strands of the DNA inserts 
was performed using the T3, T7, gapC(fwd) and gapC(iev) 
primers. To allow expression of recombinant proteins, the 
inserts in pMFSOla and pMF50lc were liberated with Ndel 
and BamHl, ligatcd to pET-15h/and used to transform 
E. coli DHSotFVac/*. The resulting plasmids were desig- 
nated pMF521a and pMF521c, containing sequences from 
S. uberis and S. agalaciiae respectively. For expression of 
(6 x His)GapC proteins, constructs were used to transform 
E. coli BL21<DE3). 

2.4. Construction of the camp-3 gene 

With a view to creating a cross-spccics-snccinc vac- 
cine against S. uberis and S. agalactiae, a chimeric 
CAMP-factor-encoding gene was created, in which DNA 
sequences corresponding to amino acid (aa) residues 30-90 
of S. agalactiae CAMP were cloned between those encod- 
ing the Lcupo and Lys?! residues of S. uberis CAMP. The 
published nucleotide sequences of the CAMP-encoding 
genes cjb [22J and cfx L13J, from S. agalactiae and S. uberis 
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TMble 1 

PCR and sequencing primers 



Sequence 



Comments 



gapC{Bam\W) 

$apC(fw&l 
t&pCtrcv) 

T3 
'1*7 

CAMP-1 



CAMP-3 
CAMP-4 



llw-OAMP-1 
IIis-CAMP-2 
556-1 



S'-CIC X K itX 1C i CATATGC 71 AC" l*IA A AC"H «C 71 AT IA AtXKl -.V 

^ ^CCG ATXXTTATTTAGCG ATTTTTX3CAA AGTACTC- 3 ' 

S 7 - ATCC ACGCTTACACTGGTG- 3' 
y<rCAGTOTAAGCGTGGATAGTAGTC-3' 

5'-ATAACCnrACTAAACi.V 
S'-GIAAAAUGACGGCCAGIO' 

^-AAAAAAOCjAT^XAltJAAA'lAAAlXrriAaiC^GCiVS' 

y- AAA AA CCATGOC TA CTCGAG ATTTTCA ACAGCT 
GA ATTGCTDA ATTAAC- 3' 

y - A A A A A A CTCXi AOC AACTTOACA ACTCCACA AGTGG-3' 

y-AAAAA ACXJAlGGC -l AAGGCCJT AA'l'riTr 
CCACGCiAG-lAAlAGCX:iV-3' 

y-AAAA AAGCGCT AAAACTTCACTTAQAOCTAATCCT3-3 f 

5'- A AAA ACCATGGTCATTACTGTAG AGCAGTATTTA 
AlCHTI'lt^y 

y- a a a a a AtvviA^tr 1 1 x: a Ai x:a a a i a a Ai tri *iAf r n :a ac x%y 

y-TTTT TCK3 ATCXT TTACTGTAG AG CAGTATTTA ATG C- 3' 
y-GTGTCGAATTGTGAGCGG-3' 

y<nxrCTGCCTCTGTC-3' 



I "orwanl pririET for (he xmplilicalinn of gapf', 

annealing to nl 1 26. Ndttf «a'le underlined. 

Reverse primer for the .impHfiwnion of gapC, annealing to nt 

1011-985 (opposite strand). AumlU site underlined. 

Forward primer for sequencing of gapC, annealing at nt 532-550. 

Reverse primer for sequencing of gupC, annealing at nt 548-525 

(opposite strand). 

Universal primer for T3 promoter. 

Universal primer for T7 proiuoter. 

lUxwsni primer, annealing to nl 91 112 ol the S. ubcris CAMF 
coding sequence. BumHl site underlined. 
Reverse primer, annealing to nl 267-23S (opposite 
strand) of the S. uberis CAMP coding sequence. 
Xho\, and Nvol underlined. 

Rrward priTtier, annealing in nl 91 102 of the S. ixj^ihirtuif 
CAMP coding sequence, Xhtft site underlined. 
Reverse primer, annealing to rrt 261-235 (opposite 
strnnd) of the S. agaiaciku CAMP coding sequence. 
Stul, and Ncol sites underlined. 

Forward primer, annealing to nL 271-295 of the S. ubcris 

CAMP coding sequence. EccAl-'h site underlined. 

Reverse primer, annealing to nt 777-751 (opposite crand) of the 

S. uberut CAMP coding sequence. Ncrt site underlined. 

I Howard primer far cloning into piri'-15h. fidrA site underlined. 

Reverse primer for cloning into pET-lSb. BandU she underlined. 

Forward primer far sequencing of cloned insects in pAA556a, 

annealing to nt 1791-1808. 

Reverse primer fee sequencing of cloned inserts in pAA556a, 
annealing lo nt 1979 19fi5 (opposite strand). 



respectively, were used to design PCR primers, allowing 
construction of Ihe chimeric CAMP-eiicoding gene, camp-3. 
A PCR fragment encoding aa residues 30-90 of cfx was am- 
plified with the primers CAMP-1 and CAMP -2. The frag- 
ment was cloned into the expression vector pA A556a (which 
contains OmpF N- terminal -encoding sequences, directing 
export of OmpF fusion proteins lo the E. coU cell surface) 
using the primer encoded BamHl and Ndei restriction sites, 
and ihe resulting construct was designated pPolyCAMP-1, 
A second PCR fragment, encoding residues 3 1-87 of cjb, 
was amplified with the primers CAMP-3 and CAMP -4 and 
cloned into pPoly -CAMP-1 using Xhol and NcoJ sites to 
give pPolyCAMP-2. Finally, a third PCR fragment, encod- 
ing residues 91-258 of cjx. was amplified with the primers 
CAMP-5 and CAMP-6 and digested with £co47-3 and 
Ncol. This fragment was cloned into StuVNcol digested 
pPolyCAMP-2, and the resulting construct, pPolyCAMP-3 f 
contained a chimeric gene, camp- J, encoding a protein of 
3 1 7 aa, with acalculated M r of 34,956 Da and a pT of 5.5. The 
camp-3 construct was sequenced in both directions using the 
primers 556-1 and 556-2. To provide enough pure protein 
for subsequent vaccine studies, an NdeVBamUl fragment 
containing the camp-3 region of pPolyCAMP-3, minus the 
OmpF signal sequence, was cloned into pET-15b to create 
the plasmid pET-CAMP-3, encoding a (6 x His)CAMP-3 



fusion protein. DNA sequence analysis of this construct re- 
vealed that the CAMP-3 ORF was not fused to the peptide 
encoding the histidine tag, but that its expression was still 
controlled by 1PTG (data not shown). 

2.5. Nucleotide sequence accession numbers 

The nucleotide sequences of the S. uberis and S. agalac- 
tiae gapC genes were submitted to GenBank under the ac- 
cession numbers AF421899 and AF421900, respectively. 

2.6. Purification of recombinant proteins 

Recombinant (6 x His)GapC proteins were purified un- 
der native conditions by metal chelate affinity chromatog- 
raphy, using Ni-NTA agarose (QIAGEN) according lo the 
manufacturer's specifications. Purified proteins were buffer 
exchanged into 0.1M PBS (pH 7.2) with B1OMAX-30K 
filters (Mi 11 i pore), and purities were estimated to be >95% 
by densitometry of SDS-PA gels. 

The CAMP-3 protein was purified by anion exchange 
chromatography of a filtered lysate of an IPTG-induced 
culture of BL2KDE3) containing pET-CAMP-3. Cells 
were collected by centrifugation at 6000 x g for lOrrrin 
at 4*C. washed in 0.1 M PBS (pH 7.2), and disrupted by 
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sonicalion. The volume of Lhe soluble fraction was adjusted 
to 650 ml with 20mM Na 2 HP0 4 (pH 7.5), and filtered 
through a 0.22 u,m filter (MiJliporc). Q-scpharosc fast flow 
anion exchange resin was packed into an XK 26/20 column 
to a bed height of 13 em (70 ml column volume). The col- 
umn was equilibrated with buffer A (20 mM Na2HP04, pH 
7.5), and the protein solution was passed through at a rate 
of 7 ml/min. The column was washed with 7.4 column vol- 
umes (CV) of buffer A. and protein was ehited with a gra- 
dient buffer (0% buffer A to 50% buffer B [buffer A+1M 
NaCI, pH 7.5] over I2.&5CV and from 50 to 100% buffer 
B in 3.6CV, and finally 100% of buffer B.for 1.7 CV). 
The column ehiale was monitored at 260 nm. and fractions 
were concentrated with BIOMAX-30 K filters. Analysis by 
SDS-PAGE and Western blot determined that the CAMP-3 
protein eluted in the breakthrough and buffer A fractions. 
Densitometry of SDS-PA gels estimated protein puritv to be 
>60%. 

2.7. Imnumisation and challenge of laciaiing cows 

Immunisation and bacterial challenge of lactating Hoi- 
stem cows was performed at the University of British 
Columbia Dairy Education and Research Centre (Agastric 
British Columbia). A total of 99 cows were screened for 
the presence of scrum lgG against S. uteris whole cells, 
GapC. and CAMP, Four groups of 8 animals were se- 
lected for vaccination with a placebo, (6 x His)GapC of 
S. uberis, (6 x His)OapC of S. dysgalactiae, or CAMP-3. 
Each vaccine dose (2 ml) comprised lOOpg/ml of purified 
(6 x His)GapC, CAMP-3, or antigen-free placebo (0.85% 
(w/v) saline), and 30% VSA3 [23], Cows received two sub- 
cutaneous injections in the neck at 36 (day 0) and 15 days 
prior to challenge. Eight days before challenge, milk sam- 
ples from each quarter were analysed for the presence of 
bacteria, and infected animals were excluded from the trial. 
Subsequently. 6 cows from each group were challenged. 
Three hours before challenge, teals were washed with clean, 
warm water, dried, and alcohol swabbed. Milk samples were 
collected for somatic cell counts (SCC) and bacteriology. 
The left udder quarters remained unchallenged as controls. 
Three ml of inoculum was administered by intramammary 
infusion to the right quarters of each animal, containing 
3.0 x 10 7 cfu/ml of an exponential-phase culture of .V. uberis 
SU21 (clinical isolate obtained from Animal Health Labo- 
ratory, Alberta, Canada) suspended in 0.85% (w/v) saline. 
Milk samples were collected from all quarters, daily for 7 
days post-challenge, for determination of SSC and bacteri- 
ology. All samples were stored on ice. and analysed witliin 
48 h of collection. Clinical assessments of animals included 
measurement of rectal temperatures, and udder swelling 
(visual and palpated). A numerical score of 1 (normal) to 
3.5 (severe mastitis) was assigned to each animal and used 
as a means of comparing the severity of mastitis among vac- 
cine groups. Milk quality was assessed by the presence of 
clots. 



2.8. Determination of GapC and CAMP-specijw 
antibodies 

Serum lgG aires were determined at the time of first and 
second vaccinations, at 8 days before challenge (day 28), 
and at 1 1 days post-challenge (day 47), Similarly, milk lgG 
litres were determined at days 21 and 43. Scrum IgA litres 
were determined at days 21 and 47, and milk IgA dues were 
determined at days 21 and 43. Round-bottomed, 96-wclJ mi- 
crotitre plates (Nunc) were coated overnight at 4*C with 
CAMP-3, and (6 x His)GapC of S. uberis and S. dysgalac- 
tiae (lOOng/wcll in 100 p.] of carbonate buffer, pH 9.6), and 
blocked for I h at 37 3 C with 200 pJ of PBSTg. A total of 
100 m-1 of lest sample was added/well and plates were in- 
cubated for 2 h at room temperature. After washing, alka- 
line phosphatasc-conjugatcd goal anti-bovine lgG (H and L; 
Kirkegaard and Perry Labs, Inc.) was added (lOOpJ/well), 
and plates were incubated for I h at room temperature. Plates 
were washed, and alkaline phosphatase activity was detected 
at 405 nm following incubation with p-mtrpphenyi phos- 
phate in 1M dicthanolaminc (pH 9.8) and 0.5 mM MgC^ 
for 1 JS h at room temperature. 

Determination of milk loG and IgA was carried out af- 
ter treating milk with a commercially available rennin solu- 
tion, as follows: one tablet of Rennet (CHR HANSEN) was 
dissolved in 40ml of H2O, and 0.1 ml of this solution was 
added to 2 ml of milk and incubated at room temperature 
for 4h. Coagulated casein was pelleted by ccntrifugation at 
3000 x g for 20 mm, and the middle layer was removed (the 
top layer comprised fat) and analysed as for scrum samples. 
Both serum and milk titres were determined by the inter- 
section of the least-square regression of the OD405 versus 
logarithm of dilution with the OD^ obtained from wells 
containing no serum. 

2.9. Somatic celt counts 

Determination of SCC from milk samples was carried out 
at the Pacific Milk Analysis Laboratory (Chilliwak, British 
Columbia). Samples were collected in 14 ml polystyrene, 
round-bottomed tubes (Falcon) containing a preservative. 
SCC were fixed by mixing 0.5 ml of milk samples with 10 pj 
of fixative liquid (02 mg/ml cosine. 3.3% formaldehyde so- 
lution) for 18h at 30 °C. Samples were diluted 1/100 hr 
emulsifier electrolyte solution (12% ethanol, 0.02% Triton 
X-100, 0.1 M NaCI). and incubated at 80 -C for lOmin. Af- 
ter «x>ling to nxra temperature, SCC were determined with 
a Coulter counter. 

2 JO. Computational analyses 

DNA and protein sequences were analysed using the 
Clone Manager 6 program (Scientific and Educational Soft- 
ware, Durham, North Carolina, USA) and compared using 
the Gap and PileUp applications of the GCG software pack- 
age (Wisconsin Package Version 10.1; Genetic* Computer 
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Group, Madison, Wisconsin, USA). Repealed measures 
analysis of variance of SCC among treatments, and over 
time, was performed using the SY STAT 10 software pack- 
age (SPSS Science, Chicago, USA). 



3. Results 

3J. Analysis of cloned and expressed streptococcal 
gapC genes 

We previously determined the presence of cell surface 
GapC in 5. dysgalactiae, and the gapC gene has been 
cloned and sequenced (unpublished data). For the pur- 
poses of this study, wc also confirmed the presence of cell 
surface-associated GAPDH activity on whole cells of the 
mastitis-causing pathogens S. uberis and S. agalactia? (data 
not shown). 

Analysis of the PCR fragments cloned in pMFSOla (S. 
uberis) and pMFSOlc (S. agalactiae) both revealed open 
reading frames (ORF) of 336 aa, encoding proteins with pre- 
dicted relative masses of 35,906.43 Da and 35,933.39 Da, 
and prs of 5.17 and 5.17, respectively. Analysis of purified, 
recombinant (6 x His)GapC proteins by SDS-PAGE indi- 
cated Af r 's of ca. 40kDa (data not shown), which closely 
matches the predicted ca. 3SkDa based on predicted fu- 
sion protein sequences. The predicted GapC sequence of 
S. dysgalactiae is highly similar to Plr, displaying 99.41% 
sequence identity, while the predicted aa sequences pf the 
proteins described in this study display 9226% (S. uberis) 
and 91.07% (S. agalactiae) identity with Plr. Based on the 
prior designation of the S, dysgalactiae gene as gapC, the 



S. uberis and S. agalactiae genes have been given the same 
designation. 

3.2. Construction and purification of the CAMP-3 protein 

The cfb and cfx genes of S. agalactiae and S, uberis 
share 66.67% similarity and 66.54% identity at the DNA 
level, and 69.29% similarity and 63.39% identity at the aa 
level. Alignment of the two protein sequences revealed that 
the majority of conserved aa were located after the leucine 
residue corresponding to aa 87 of Jf. agalactiae and aa 90 
of S. itberis CAMP. Approximately the first third of the two 
CAMP proteins encode non-identical signal sequences of 29 
aa (S. agalactiae) and 30 aa (S. uberis), followed by regions 
of 57 aa and 59 aa respectively which do not share extensive 
homology. 

Initial attempts to purify the expressed 6 x Hie -tagged 
(6 x His)CAMP~3 fusion protein from pET-CAMP-3 by 
metal chelate affinity chromatography were unsuccessful. 
Surprisingly, the protein did not bind the Ni-NTA column, 
and subsequent DNA sequencing revealed a small deletion 
in pET-CAMP-3, which corresponded to the 6 x His re- 
gion of pET-15b. Regardless of this fact, the camp-3 re- 
gion remained intact, and it was, therefore, decided to purify 
CAMP-3 by anion exchange chromatography. Most of the 
CAMP-3 protein was found in the wash (unbound) fraction, 
and was concentrated for use in the final vaccine formulation. 

3.3. Challenge ofvaccinated animals with S. uberis 

Serum and milk anti-<6 x His)GapC and an ti -CAMP-3 
IgG and IgA titrcs were determined by EUSA. Table 2 



Anti -GapC « 


id ami- CAMP IgG nn 


i IgA litres* 










Antigen 




Group 


IgG litres 




IgA aires 












Milk 


Scrum 


Milk 


GapC 


Pro-challenge 


1 
2 
3 
4 


B.33 (±0.87) 
12.74 (±1.64) 
13.21 (±0.84) 

9.41 (±0.69) 


4.2S (±0.55) 
7.12 (±0.34) 
7.85 (±1.09) 
4.51 f±0.6l) 


2.75 (±0.85) 
3.39 (±0.31) 
2.72 (±130) 
2.09 (±1.03) 

J 


0.86 (±1.10). 
2.11 (±1.22) 
1.24 (±133) 
134 (±1.26) 




Post-challenge 


1 
2 
3 
4 


2,42 (±3.75) 
10.12 (±1.34) 
10.79 (±1.07) 

5.30 (±4.14) 


6.38 (±0.55) 
6.66 (±0.22) 
9.05 (±1.64) 
5.84 (±0.46) 


4.20 (±0.97) 
4. 78 (±0.94) 
4.64 (±tX)2) 
3.49 (±3.28) 


135 (±135) 
1.14 (±1.25) 
1.31 (±1.22) 
1.80 (±1.25) 


CAMP 


Pre-challen?e 


I 
2 
3 
4 


7.35 (±1.00) 
7.98 (±0.98) 
7,27 (±0.99) 
11.82 (±039) 


4.06 (±0.39) 
5.33 (±0.34) 
5.06 (±0.70) 
8.37 (±1,(12) 


1.63 (±133) 
0.90 (±130) 
236 (±1.90) 
3.69 (±231 ) 


0.60 (±0.81) 
1.77 (±0.90) 
1.67 (±1.42) 
1.46 (±1.44) 




Posl-challenge 


1 
2 
3 


6.19 (±4.82) 
6.98 (±3.52) 
6.41 (±5.24) 
13.47 (±0.55) 


4.87 (±1.37) 
5.07 (±0.78) 
5.26 (±1.00) 
8.90 (±1.13) 


0 

1.46 (±2.42) 
2.66 (±2.24) 
5.09 (±1.42) 


038 (±0.94) 
0.41 (±0.99) 
1.85 (±1.42) 
1.90 (±130) 



■ Groups shown arc (1) control, (2) S. dviguhctiue (6 x His)GapC, (3) S. uberis (6 x His)G«pC, and (4) CAMP-3 vaccinates. Prc-cballcngc data 
coircspoDd to (criun IgG litres at day 28. and serum IgA, milk IgG and IgA titrcs at day 21. Post-challenge data correspond to scrum IgG titrcs at day 
47, anil serum Ig/\, milk IgG and IgA Litre* at day 43. 
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shows pre- and post-challenge litres, presented as the arith- 
metic means of the natural log transformed values of serum 
titrcs from all animals in each treatment group (standard de- 
viations in parentheses). 

Prior to vaccination, only four animals showed any de- 
lectable serum IgG litre against (6 x His)GapC. Following 
vaccination, all animals vaccinated with (6 x His)GapC 
showed a significant increase in both scrum and milk 
anti-(6 x His)GapC IgG litres, which consistently re- 
mained ai least 10-fold higher than ihc control animals, 
while anti-(6 x HisKJapC TgG litres in animals vacci- 
nated with CAMP-3 were similar to tht>sc of the control 
group. Ami -(6 x HislGapC IgG litres in milk were consis- 
tently lower than the corresponding values hi serum. How- 
ever, immediately prior to challenge the increased serum 
and milk IgG litres in (6 x His)GapC vaccinated animals, 
compared to control and CAMP-3 vaccinated animals, 
was apparent. Serum anti-(6 x His)GapC TgA levels were 
detectable in all groups prior to challenge, but ruse signif- 
icantly following challenge. Even ihe CAMP-3 vaccinated 
group showed an increase in scrum anti-(6 x His)GapC 
IgA litres, most likely resulting from exposure to the cell 
surface-associated GapC of the S. uberis challenge bacteria. 
In CAMP-3 vaccinated animals, a post-challenge increase 
in anli-(6 x His)GapC milk IgG litres was also observed- al- 
though a corresponding increase was not observed in scrum 
TgG titres. In contrast to serum, milk anti-(6 x His)GapC 
IgA was virtually undetectable in all groups, both pre- and 
post-challenge. 

Following vaccination of cows with CAMP-3, there 
was a marked increase in serum and milk ami -CAMP 
TgG titres, compared to those of the control and (6 x 
His)GapC vaccinated animals. Furthermore, in contrast 
to anli-(6 x HisKiapC IgG litres, anli-CAMP-3 limes in- 
creased post-challenge, whereas those for (6 x His)GapC 
decreased slighlly. Although the cause is unknown, this 
observation was consistent throughout all vaccine groups; 
post-challenge serum anii-(6 x His)GapC IgG litres were 
found to have decreased, whereas the corresponding titres 
in milk had increased (with the exception of the S. dys- 
galactiae (6 x His)GapC vaccinated group). Pre-challenge, 
scrum anti-CAMP-3 IgA titrcs were higher than the equiv- 
alent serum anti-(6 x His)GapC litres determined at the 
same time point (day 21), and at the time the post-challenge 
scrum samples were taken, anti-CAMP-3 IgA levels had in- 
creased in all groups, most significantly in those vaccinated 
with CAMP-3, In contrast, both pre- and post-challenge 
milk anti-CAMP-3 IgA titres were virtually undetectable. 

Following challenge with S. uberis SU21. at no point were 
bacteria recovered from any animals, vaccinated or other- 
wise. This is consistent with the results of a previous study 
1201, where no bacteria were isolated following challenge 
from dairy cows vaccinated with heat-killed S. ubervi, al- 
though bacteria were isolated from the unvaccinatcd control 
animals. It is possible that m the current study the inocu- 
lum administered was low enough to induce mastitis with- 



out causing persistent infection, even in unvaccinaled ani- 
mals. However, despite the absence of recoverable bacteria, 
animals did display clinical signs of disease, and SCC indi- 
cated that inflammation had occurred. Therefore, the chal- 
lenge was deemed successful. Between vaccine groups, no 
significant differences were observed in rectal temperatures, 
and clinical scores determined that there were no significant 
differences in the severity of infection (data not shown). Al- 
though no differences in milk yield were observed in any an- 
imals, the quality of milk was slighlly affected in all groups, 
as discussed below. 

The bovine udder is comprised of unconnected quarters, 
and by challenging only two quarters with S. uberis an inter- 
nal control was provided for each animal. Fig. 1 shows SCC 
over the course of Ihe trial, for each particular vaccine group. 
On initial analysis, the reported SCC of the control group 
appear somewhat variable; however, the overall relationship 
is an increase of SCC over time, explained by a quadratic 
relationship (/' = 0.02). After day 2. SCC of the control 
group increased markedly, reaching their highest level at day 
4 post-challenge. SCC then decreased slightly, before ris- 
ing markedly again by day 7 post -challenge. This somewhat 
erratic trend is consistent with SCC values reported else- 
where, following challenge of lactating cows with S. uberis 
f 1 9,201. The SCC of S. dysgalactiae (6 x His)GapC vacci- 
nated animals increased sharply immediately post-challenge, 
reaching a maximum at day 3, before decreasing erratically 
over the remainder of the trial. Nevertheless, at no point 
was the decrease in SCC statistically significantly different 
from that of the control group, despite an apparent differ- 
ence from day 4 post-challenge onward. Vaccination with S. 
uberis (6 x His)GapC resulted in a significant decrease in 
SCC, compared to the control group. From day 3 onward, 
SCC in this group were statistically significantly lower than 
those of the control group (P-values of 0.023 at day 3. ().(X)1 
at day 4, 0.01 1 at day 5. 0.006 at day 6, and 0.000 at day 7 
post-challenge). SCC of cows vaccinated with the CAMP-3 
antigen were slighlly higher than ihose of the 5. uberis 
(6 x HislGapC vaccinated animals, although they were still 
clearly lower than those <if the control group. G>mparison 
of SCC of the control and CAMP-3 vaccina led groups re- 
vealed statistically significant differences at days 3 (P-valuc 
of 0.033), 6 and 7 post-challenge (P-values of 0,032, and 
0.046, respectively), hut not at days 4 and 5, even though 
SCC were obviously lower in the CAMP-3 vaccinated group 
on these days. 

Following challenge with SU21. Ihc lime lhal milk 
quality remained affected varied between vaccine groups. 
Post-challcngc. milk quality in the control. S. dysgalactiae 
(6 x His)GapC CAMP-3, and S. uberis (6 x His)GapC vac- 
cinated groups was reduced for a total of 21, 24, 11, and 9 
days respectively. According to this data, mastitis in the S. 
dysgalactiae (6 x His)GapC vaccinated group was no less 
severe, if not worse, than that of the control group. Con- 
versely, although vaccination with S. uberis (6 x His)GapC 
did not completely prevent reduced milk quality, it did 
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Control 



S. dysgalactiae 
(6 X Ha) GapC 



Fig. 1. GetmieiriL mean SCC (plus 1 standard devialiwi) in quartern ihaTlenged with S. uhnris were determined lor each vaccine group, lor 7 days 
following challenge. Dan sets correspond to day 0 (El), day 1 (□), day 2 (S), day 3 (Hi, day 4 (33), day 5 (KJ>, day 6 (■), and day 7 Despite the 
Appearance of Che figure, the SCC far S. dysgukjetia? (6 x IIis)GapC vaccinated animals on days 7 and 6, and CAMP- 3 vaccina led animals on days 4 
and 5 post -challenge arc not statistically significantly different from those of the control. 



significantly reduce the length of time that milk quality was 
affected. Vaccination with CAMP- 3 also appeared to reduce 
the length of time that milk quality was reduced, although 
not as much as in the S. uberis (6 x Hi.s)GapC group, which 
is in keeping with ihe SCC results. 



4. Discussion 

With a view lo identifying cross -protective protein anti- 
gens for use as potential vaccines against mastitis-causing 
streptococci, we have found that in addition to S. dysgalac- 
tiae, the pathogenic streptococci S. uberis and S. agalactia e 
also possess cell wall -associated GapC (data not shown ). The 

5. dysgalactiae (6 x His)GapC was included in Lhis suidy 
to determine whether its previously observed protective ca- 
pacity against S. dysgatactiae infection (unpublished data), 
would also result in cross-species protection against infec- 
tion by S. uberis. due to the ca. 92% homology observed be- 
tween the two proteins. Most animal vaccines employ killed 
bacterial cells, or crude mixtures of proteins to elicit protec- 
tion, however, in this study we have used defined sub-unit 
vaccines to elicit greater protection than has been observed 
in previous trials with 5. uberis f 19-211. 

The possibility that sequences at the 5'- and 3'-ends of 
the RapC genes described in this study were altered cannot 
be discounted, due to the fact that the PCR primers used 
for gapC amplification, based on the sequences of the gapC 
genes of S. dysgalactiae and S. eqidsimilis, and the plr gene 
of S. pyogenes, were intragenic. During the preparation of 



this manuscript, the sequence of the gene encoding the S. 
agalactia* surface antigen delta was submitted to GcnBank 
[24] under the accession number A F3 3 84 16. This antigen 
is identical to GapC, and comparison of the reported se- 
quence with the 5. agalactiae gapC sequence from our study 
revealed 100% homology over the region of our 5 -PCR 
primer. In the region of the 3' -PCR primer, two mismatched 
bases were present; at bp *}93, a tryptophan residue in our 
sequence was reported as a cytosinc. and at bp 1002 a cyto- 
sine residue in our sequence was reported as a tryptophan. 
However, both of the mismatched bases between the two S. 
agalactia*; sequences correspond to the tertiary nucleotide in 
a codon, and their predicted aa sequences remain identical. 

Vaccination with S. dysgalactiae (6 x His)GapC did not 
result in protection against mastitis. This may be because the 
(6 x His)GapC of 5. dysgalactiae is not as protective as that 
ot'S. uberis, despite sharing ca. 92% similarity. Preliminary 
Pile Up analysis of the predicted aa sequences of GapC pro- 
teins described in this study, with the GapC/Plr proteins of 
S. dysgalactiae, S. equisimilis, and S. pyogenes, revealed ca. 
five distinct non-conserved regions (data not shown), and it 
is possible that these regions correspond to epitopes impor- 
tant in eliciting protection. . 

Previous work [20] has shown that vaccination of dairy 
c<nvs against mastitis pathogens can result in a rapid and 
intense inflaminalory response, indicated by large numbers 
of SCC in milk, following bacterial challenge. This hyper- 
sensitivity, resulting from increased neutrophil recruiunenl 
into the mammary gland following infection, is undesirable, 
since it is the inflammation itself that defines the mas li lie 
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condition, and the elevated somatic cell levels are the major 
contributing factor to economic losses to the dairy indus- 
try through discarded milk. Vaccination with S. uberis (6 x 
His)GapC resulted in significant protection against heterol- 
ogous challenge, concluded from the fact that milk SOC did 
not increase significantly, whereas those of the challenged, 
urrvaccinated animals did. This suggests that S. uberis (6 x 
His)GapC is ideally suited as a vaccine against S. uberis mas- 
titis, and it is likely that protection extends against a wider 
range of heterologous strains than the one used in this study. 

It is not yet known why vaccination with S. uberis (6 x 
His)GapC prevented inflammation of the niaramary gland 
following challenge. Interestingly, mammalian GAPDH 
has been shown to be involved in a number of cellular 
processes in addition to its role in . glycolysis, including 
membrane fusion, microtubule bundling, phosphotrans- 
ferase activity, nuclear RNA export, DNA replication, and 
DNA repair. Further studies have also shown GAPDH to 
be involved in apoptosis, prostate cancer, viral pathogen- 
esis, and neurodegenerative disease (for review, see \25T). 
Given its multifunctional role in mammalian physiology, it 
is intriguing to think that it might also be involved in the 
inflammatory process. Therefore, possible cross-reactivity 
between mammalian GAPDH and anti-(6 x HisXjapC an- 
tibodies potentially resulted in a decrease in circulating 
GAPDH. and hence a decrease in inflammation. Alterna- 
tively, a previous study, using a live S. uberis vaccine, also 
reported protection against challenge, without the associated 
influx of PMN's into the mammary gland \20f\. The protec- 
tive effect of the vaccine was thought to decrease the rate of 
gland colonization by S. uberis. thus controlling infection by 
dilution and subsequent elimination of bacteria within the 
milk, prior to initiation of PMN influx. It is entirely possible 
thai this is also true of the S. uberis (6 x His)GapC vaccine. 
Another explanation may be that in S. uberis (6 x His)GapC 
vaccinated cows, circulating anli-(6 x His)GapC antibody 
may inhibit cell surface-associated GapC on the S. uberis 
challenge bacteria, resulting in a decrease in bacterial vir- 
ulence. This hypothesis derives from a study in which the 
cell surface-associated GAPDH of the cukaryotic parasite 
Schistosoma mansoni was shown to be a selective target for 
antibodies in the sera of humans resistant to reinfection [26J, 
Vaccination of mice and rats with a 22 aa B cell epilopic 
region of A*, mansoni GAPDH resulted in partial protection 
against challenge with S. mansoni [27]. Subsequently, deter- 
minants of A 1 , mansoni GAPDH were proposed as candidates 
for an anti-schistosomc submit vaccine. Antibodies from 
sera of schistosome-infected patients inhibited the activity of 
recombinant schistosome GAPDH [28J, and drugs inhibiting 
GAPDH activity also decreased parasite survival 13,301. 

Vaccination with CAMP-3 also resulted in a statistically 
significant decrease in SCC compared to the control group, 
following challenge. Combined with the observation that 
milk quality was not affected for as long a time following 
challenge as the control group, it is encouraging to hypothe- . 
sise that alternative vaccine formulations may increase pro- 



tection. The ca. 60 % purity of the CAMP-3 protein used 
in this study arose through initial problems with purifica- 
tion of the 6 x His-taggcd protein, due to a small deletion 
in pPolyCAMP-3, which effectively' removed the histidme 
tail without abolishing protein expression. Subsequently, an- 
ion exchange chromatography was used to partially purify 
CAMP-3 from a whole cell lysate, instead of the intended 
metal chelate affinity chromatography. However, despite not 
being as pure as the (6 x His)GapC proteins, the CAMP-3 
preparation was considered to be sufficiently pure for vac- 
cination purposes. A chimeric CAMP, antigen was designed 
for use as a single subunit vaccine antigen against S. uberis 
and S. agalactiae mastitis, and its protective ability against 
disease by the latter organism is currently under examina- 
tion, along with the (6 x HislGapC proteins of 5. agalac- 
tia* and S. uberis. The use of a common antigen to protect 
against infections by both organisms may be advantageous 
to both the dairy producer and the vaccine manufacturer, as 
incurred costs would be reduced on both sides. 
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Letter to the Editor 

Immunisation of dairy cattle with recombinant Streptococcus uberis 
GapC or a chimeric CAMP antigen confers protection against 
heterologous bacterial challenge 
M.C. Fontaine et al. [Vaccine 20 (2002) 2278-2286] 



The above article, published in a recent volume of Vaccine 
is misleading, in thai ii claims thai protection from mastitis 
was achieved by vaccination when this cannot he substanti- 
ated from the observations. 

1. The challenge dose was 3 ml of a bacterial suspension in 
saline containing 3.0 x 1 0 7 cfu/ml. a totaiof 9.0 x 10 7 cfu. 
This dose exceeds (by a factor of 10 s ) lhat used typically 
by others in similar challenge models { I -8J, in which in- 
tramarnmary infection and mastitis were induced. How- 
ever, use of such a high dose is not in itself a problem or 
a cause for concern if protection from challenge is to be 
established. 

2. Following challenge bacteria were not recovered from 
any mammary quarter of vaccinated or non- vaccina led 
animals. Since a typical mammary quarter can produce 
around 2-4 1 of milk at any one milking, it is likely that (in 
the absence of bacterial killing and/or bacterial growth) 
the number of bacteria recovered in milk should have 
been in the order of 10 4 cfu/ml. Such numbers would 
be detected easily, by routine and simple bacteriologi- 
cal techniques. Even allowing for no bacterial growth 
and killing of 99% of the challenge inoculum, around 
10 2 cfu/ml should have been present in the milk. This 
number, is also detectable by routine and simple bacteri- 
ology. The possibility that bacteria were present in rea- 
sonable numbers in vivo but were not detected following 
analysis of the milk samples can be discounted, as none 
of the animals exhibited inflammatory cell responses con- 
sistent with such a scenario 1 1— *>3- Since bacteria were 
not detected, even transicnUy, within the control group of 
animals, it can only be concluded that either the inocu- 
lum was not viable or that the organism was totally a viru- 
lent or that all the animals, including the non- vaccinated 
controls, were resistant to infection. 

Given the incidence of Streptococcus uberis infection 
and mastitis in dairy cattle the latter is highly unlikely. 

The virulence of the organism could be questioned, 
as studies in our laboratory have identified single genes 



that arc essential for infection within the bovine mam- 
mary gland (Leigh el aJ„ unpublished). Challenge with 
strains lacking such genes (even with lO^clii) does not 
result in infection or disease. Bacteria, however, can still 
be detected in the milk for up to 24 h following initial 
exposure (Field el al., unpublished). 

The most likely explanation of the data presented in 
this paper is that the inoculum had lost viability prior to 
infusion within the mammary gland. Loss of viability of 
streptococci suspended in saline has been observed occa- 
sionally in our laboratory for both S. uberis and S, mis. In 
order to cheeky numbers of bacteria present in challenge 
doses it is necessary to estimate viable numbers both 
prior to and following administration of the challenge. 
3. The claim that the data in this communication was in 
any way consistent with that generated from our labo- 
ratory in which heat or formalin killed bacterial cells 
f5], live bacterial cells f6,7'| or the plasminogen acti- 
vator, PauA [8], were used as vaccine antigens is un- 
founded. In all of our studies the non-vaccinated, control 
animals became infected (and fined bacteria in the range 
of 10 6 -i0* cfu/ml) and exhibited clinical signs of dis- 
ease (somatic cell counts of around I0 7 cells/ml). These 
events were not detected in the control animals in this 
communication. Bacteria could not be detected and the 
major clinical response to challenge was the presence of 
a somatic cell count of around 200.000-225.000 cells/ml 
on only 2 clays (days 4 and 7) of the 7 days monitored, 
post-challenge. Cell counts of this order arc not uncom- 
mon even in milk obtained from uninfected mammary 
quarters, and all of the remaining samples contained less 
than 1 50,000 cells/ml, which is typical for milk from the 
, non-infected, lactating, bovine mammary gland. 

This comraiinication provides no evidence that the chal- 
lenge used established intramammary infection or induced 
mastitis in any animal, including the non-vaccinaicd control 
group. In conclusion, this communication describes a study 
in which the control group did not perform as predicted 
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or required. In shorL il is a report of an uncontrolled ex- 
periment in which the protective effect of GapC cannot be 
evaluated. 
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